Precipitation hardenable (PH) nickel (Ni) alloys are often the most reliable engineering materials for demanding oilfield upstream and subsea applications especially in deep sour wells. Despite their superior corrosion resistance and mechanical properties over a broad range of temperatures, the applicability of PH Ni alloys has been questioned due to their susceptibility to hydrogen embrittlement (HE), as confirmed in documented failures of components in upstream applications. While extensive work has been done in recent years to develop testing methodologies for benchmarking PH Ni alloys in terms of their HE susceptibility, limited scientific research has been conducted to achieve improved foundational knowledge about the role of microstructural particularities in these alloys on their mechanical behaviour in environments promoting hydrogen uptake. Precipitates such as the γ , γ and δ-phase are well known for defining the mechanical and chemical properties of these alloys. To elucidate the effect of precipitates in the microstructure of the oil-patch PH Ni alloy 718 on its HE susceptibility, slow strain rate tests under continuous hydrogen charging were conducted on material after several different age-hardening treatments. By correlating the obtained results with those from the microstructural and fractographic characterization, it was concluded that HE susceptibility of oil-patch alloy 718 is strongly influenced by the amount and size of precipitates such as the γ and γ as well as the δ-phase rather
Introduction
A diverse variety of metallic materials and alloys from plain carbon steel all the way to highly alloyed nickel (Ni)-based and cobalt (Co)-based alloys are used in upstream and subsea oilfield applications [1] [2] [3] . High temperature-high pressure (HTHP) oilfield applications demand the use of materials that perform from sub-zero to temperatures greater than 150°C, and at pressures greater than 69 000 kPa. Materials selection for these applications is based upon the required minimum strength, commercial availability, price and the expected service environment. Carbon and low-alloyed steels (LASs) are, due to their cost effectiveness and good commercial availability, broadly used in upstream installations that are not exposed to corrosive environments or, for wellhead equipment, when corrosion is mitigated using cathodic protection (CP). For offshore structures and subsea equipment, for instance, LASs offer a beneficial strength-to-weight ratio. The use of LASs for submerged components requires additional design considerations regarding corrosion protection, e.g. CP. Restrictions of strength and hardness significantly limit the use of high-strength LASs in subsea applications due to the risk of hydrogen uptake under CP [3] . Upstream oilfield environments can be very corrosive when there are significant levels of hydrogen sulfide (H 2 S) or carbon dioxide (CO 2 ) combined with elemental sulfur (S 0 ) and dissolved halide ions such as chlorides or bromides in the aqueous phase. Deep wells that have corrosive environments in combination with HTHP conditions require the use of highstrength materials with sufficient corrosion resistance. In these wells, the use of high-strength LASs is not an option due to their excessive corrosion rates and, at low temperatures, due to their susceptibly to sulfide stress cracking (SSC) and to hydrogen-induced stress corrosion cracking. Ni alloys, which have excellent corrosion resistance, are, therefore, selected for this type of demanding application, especially when H 2 S-containing streams are involved. Ni alloys, particularly those that are precipitation hardenable (PH), are indeed the most used engineering materials for heavy wall completion equipment in HPHT sour wells and deep subsea production equipment due to their high strength, ductility and toughness over a broad range of temperatures. All this is combined with exceptional SSC and stress corrosion cracking (SCC) resistance, which becomes, in fact, one of the most relevant limiting factors for high-strength super-austenitic and duplex stainless steels when considered as alternatives to LASs. Table 1 includes the most common PH Ni alloys used in oilfield technology. As shown in table 1, these alloys contain significant amounts of chromium (Cr) and molybdenum (Mo) to guarantee chemical stability in corrosive environments. In addition, alloying elements such as niobium (Nb), titanium (Ti) and aluminium (Al) are used to increase the strength in these alloys via precipitation hardening. In this regard, thermo-mechanical processing and heat treatments have been engineered for these alloys to maximize their strength-to-corrosion resistance ratio. PH Ni alloys exhibit a complex microstructure. While the fine cubic face-centred Ni 3 (Al, Ti) γ (L1 2 ordered) and Ni 3 Nb γ (D0 22 ordered) precipitates are responsible for the high strength in these alloys, the orthorhombic Ni 3 Nb δ-phase (DO a ordered), Ni 3 Ti η-phase (D0 24 ordered), the tetragonal σ-phase, as well as several different MC, MN and M 23 C 6 carbides and carbo-nitrides might also be present in their austenitic matrix. The presence and content of these phases is directly related to the chemical composition, processing and heat treatment applied. Alloy 718 (UNS N07718) is, because of its good commercial availability in different sizes and versatility in terms of mechanical properties, by far the most used PH Ni alloy in the oilfield. However, in HPHT sour wells that contain S 0 , higher Mo-alloyed Ni alloys such as 625+ (UNS N7716) and 725 (UNS N7725) are the materials of choice. In subsea applications, alloy 725 is considered to be one of the most reliable high-strength corrosion-resistant alloys and is preferred over alloy 718 due to the fact that the latter is susceptible to localized corrosion in seawater. In some unavoidable design configurations, components made of alloy 725 are in contact with other materials that require CP. The remarkable SCC resistance of PH Ni alloys in H 2 S-containing environments at high temperatures has been demonstrated through comprehensive testing [2, 4, 5] . Laboratory test results are additionally supported by the extensive use and outstanding field performance record of these alloys in real applications. However, failures attributed to hydrogen embrittlement (HE) of oilfield upstream components manufactured using some PH Ni alloys have been reported in the literature [6] [7] [8] [9] . Even though these failures could be classified as hydrogen-environment embrittlement failures the general term HE has been employed, and is also used in this paper for referencing the mechanism that involves subcritical cracking at the surface of materials under sustained loads in hydrogen (H)-bearing environments [10, 11] . Despite the fact that HE susceptibility in PH Ni alloys is a well-known engineering problem [12] [13] [14] [15] , these failures have generated questions about both the microstructural characteristics in these alloys as well as the environmental aspects influencing the failure mechanism during service. Consequently, HE of oil-patch PH Ni alloys has received, in recent years, increasing scientific attention. Research efforts have concentrated on developing and implementing testing methodologies capable of ranking PH Ni alloys in terms of their HE susceptibility. These include a recently established test methodology [16] that suggests slow strain rate (SSR) testing on samples cathodically charged at a current density of 5 mA cm −2 in deaerated 0.5 M H 2 SO 4 solution continuously purged with 10% H 2 -containing argon gas at 40°C [17] [18] [19] . In addition, SSR tests in artificial seawater have been conducted on samples under cathodic polarization to assess the HE resilience of PH Ni alloys to seawater exposure at typical CP potentials, or in contact with carbon steel with and without CP [3, [20] [21] [22] [23] . Others have also used this environment for conducting fracture mechanical testing [19, 21] . The results obtained by all these test methodologies are contradictory rather than conclusive. This is most probably because the chemical composition of the tested materials, although within the limits established in table 1, had differences affecting their microstructural characteristics. In addition, these materials were thermo-mechanically processed following different production routes. Great variation in the results could also be produced by differences in the applied testing practices such as surface preparation, H-charging procedures as well as by the testing set-up and selected strain/displacement rate, as highlighted in the past by others [11, 19] . Root cause analyses of the field failures have shown that the affected materials were potentially subjected to conditions leading to hydrogen uptake (table 2) . HE susceptibility increases by lowering service temperatures [11] , therefore, PH Ni alloys selected for high-temperature applications encounter unavoidable well-commissioning and/or suspension time as the most risky periods for components subjected to potential hydrogen sources. Some of the failures have been explained, to some extent, by the presence of precipitates at the grain boundaries (GBs), particularly the brittle δ-phase [6, 7] . Owing to the intergranular (IG) character of some of the fracture surfaces hydrogen-enhanced decohesion (HEDE) has been postulated as the mechanism [7, 9] . In one case, the metallurgical condition of the alloy was seen as the main cause for the failure [6] . However, microstructures showing a very limited amount of GB decoration have also shown significant susceptibility to HE, as confirmed by laboratory testing conducted to reproduce the failure mechanism [16, 17] , and a transgranular (TG) crack morphology was also identified in some cases [8, 17, 18, 20] . Despite these observations, a limited amount of research efforts have been focused on reaching a complete understanding of the role of microstructural particularities in PH Ni alloys controlling susceptibility to HE. This paper discusses some selected results from a comprehensive research programme dealing with the role of different precipitates in oil-patch alloy 718 in its susceptibility to HE. This differentiation has to be done specifically for alloy 718 because it was not originally developed for oilfield technology. Alloy 718 was initially used in HT applications in the aircraft and aerospace industry and became, with time, a standard material for critical components also in power generation [24] . To optimize the corrosion resistance of this alloy in oilfield applications, the Nb content was slightly reduced, and the solution annealing temperature increased to minimize δ-phase formation in the microstructure [25] .
Material and methods
To elucidate the effect of the size and amount of precipitates in oil-patch alloy 718 SSR tests (1 × 10 −6 s −1 ) were conducted under continuous cathodic charging conditions. Tests were performed in 1.0 M (NH 4 ) 2 SO 4 solution of pH 3 (adjusted with H 2 SO 4 ) at room temperature under a constant cathodic current density of 30 mA cm −2 . Hydrogen bubbles formed at the sample surface due to recombination were removed from the surface via electrolyte flow (1 l min −1 ). Round notched tensile samples (notch factor = 4.2) were taken from forged bar material that was produced by vacuum induction melting and subsequently vacuum arc remelted. The chemical composition of the investigated material was within the specified limits shown in table 1 for alloy 718. The material was solution annealed for 1 h at 1032°C and water quenched. To obtain different amounts and sizes of the γ , γ and δ-phase several age-hardening treatments, as shown in table 3, were conducted. The content of δ-phase in the microstructure was quantified using backscatter electron imaging by dividing the number of precipitates by the total length of the GB from several micrographs. The size of the γ and γ precipitates was determined for selected microstructures using transmission electron microscopy (TEM), as reported elsewhere [26] . Table 3 also reports the typical hardness in Rockwell C (HRC) measured on separate samples taken from material after the age-hardening step. The SSR tests in the acidified ammonium sulfate were performed in triplicate and the results obtained in air were used as a reference to calculate the ultimate tensile strength (UTS), elongation at fracture (E f ) and time-to-failure (TTF) ratios necessary to determine the material's susceptibility to HE. Fractographic examinations were conducted using scanning electron microscopy (SEM) by secondary electron imaging.
Results and discussion
The microstructural characterization confirmed that, as expected, the amount of δ-phase increased with increasing age-hardening temperature. Figure 1 includes SEM micrographs from material age hardened for 8 h at 720°C and 620°C (figure 1a), material age hardened for 8 h at 760°C (figure 1b) and material age hardened at 870°C (figure 1c). The δ-phase was identified in all material variations. However, in materials treated at temperatures up to 800°C acicular δ-phase was determined only at the GB, while in the material age hardened at 870°C this phase was determined both in the austenitic matrix and along the GB. As expected, the size of the γ and γ precipitates was also affected by changing the age-hardening temperature. TEM investigation results have shown that the particle size decreased from 100 nm 2 for material age hardened at 760°C to 30 nm 2 for double-aged material (720°C/620°C). Typical stress-elongation curves from SSR tests under continuous hydrogen charging on the different microstructures of alloy 718 are summarized in figure 2 . In all cases, a significant reduction in the tensile strength and ductility was determined by comparing the results obtained in air (A) and in the hydrogen-containing atmosphere (H). These observations are in line with previous results on alloy 718 [13] [14] [15] and confirm that hydrogen introduced into oil-patch alloy 718, while strained, significantly reduced the ductility and tensile strength of the material. The parameters for calculating the corresponding ratios were determined using the methodology described in NACE Standard TM198 [27] . The ratios included in (table 3) , has shown the highest ratios (table 4) . This indicates that the HE susceptibility for oil-patch alloy 718 is dominated by microstructural particularities, while strength and hardness, the dominant properties for HE in LASs, play a secondary role. Because variation in the age-hardening treatment simultaneously affects the amount and shape of multiple precipitates in the microstructure of PH Ni alloys, it is almost impossible to isolate the effect on HE susceptibility of one specific phase. However, some characteristics were identified for oil-patch alloy 718 by comparing the results from the microstructural and fractographic characterization of the different material variations with the corresponding SSR test results obtained in this work. The γ and γ particle size for the material age hardened at 780°C is included in table 4 for material heat treated at 775°C for comparison. It was determined that material age hardened at 870°C, being rich in both intra-and IG δ-phase and having most probably the coarsest γ and γ particles, showed the largest reduction in ductility, therefore the highest susceptibility to HE. The δ-phase in alloy 718 is well known for promoting nucleation of micro-cracks at the matrix/precipitate interface by HEDE [10, 28] . This material variation failed preferentially by TG cracking but both IG and TG fracture modes were observed. Indeed, fractographic examinations of the material variations with much less δ-phase have also shown a combination of TG and IG crack morphologies. Dislocation slip bands (DSBs) were present within the grains in all microstructures (figure 3). The formation of arrays of DSBs on {111} slip planes during monotonic and cyclic deformation on alloy 718 has been already reported in the past [29, 30] . Nano-voids formed at the intersection of the DSBs were also observed for all the material variations, as shown in figure 3 . The observed TG fracture mode is believed to be caused by hydrogen-enhanced localized plasticity (HELP), which assists shear localization along {111} slip planes. Recently, results from tensile tests assisted with in situ hydrogen charging confirmed that HE occurs on oil-patch alloy 718 by several mechanisms involving strong H-deformation interactions [31] , which have already been observed in the past on alloy 718 [14] . Tarzimoghadam et al. [31] also established that HE-assisted IG cracking on oil patch 718 proceeds by GB triple junction cracking and slip localization as well as by HEDE at the matrix/δ-phase interface. On the other hand, TG cracking was explained by HELP-assisted shear localization [31] . The presence of δ-phase also in the grains of the material age hardened at 870°C promoted the TG fracture mode. In materials having only IG δ-phase, on the other hand, the occurrence of IG cracking is expected to be dependent upon the amount of GB decoration. All these microstructural observations clarify why different cracking mechanisms have been identified in the field as well as in the laboratoryinduced failures. The experimental results obtained in this work also support the hypothesis that coarsening of γ and γ particles has a detrimental effect on the HE susceptibility of oil-patch alloy 718. As both γ and δ-phase are well known as reversible hydrogen traps [32] , it raises, however, the question about the role of other intermetallic phases in H-trapping in alloy 718. This together with the question about the effect of phases such as the eta and sigma phase also present in other PH Ni alloys needs further investigation. 
Conclusion
In this work, SSR tests were conducted on different microstructures of oil-patch alloy 718 to elucidate the effects of the amount and size of γ , γ and δ-phase precipitates on its HE susceptibility. Based on the obtained experimental results it can be concluded that microstructural particularities in oil-patch alloy 718, i.e. the presence of these precipitates rather than the strength or hardness level, prominently affect the HE susceptibility of this material and define the type of mechanism that occurs during hydrogen-environment embrittlement. The mechanisms of HE in oil-patch alloy 718 are very complex. It has been determined that both HEDE and HELPassisted shear localization may occur on oil-patch alloy 718 depending upon the amount and localization of δ-phase. Field failures together with laboratory test results clearly demonstrate that PH Ni alloys are susceptible to HE when strained in environments promoting hydrogen uptake; however, the obtained results have shown that HE in PH Ni alloys can be reduced by engineering their microstructure.
